A naturally occurring tandem duplication of the 7-kDa type III antifreeze protein from Antarctic eel pout (Lycodichthys dearborni) is twice as active as the monomer in depressing the freezing point of a solution. We have investigated the basis for this enhanced activity by producing recombinant analogues of the linked dimer that assess the effects of protein size and the number and area of the ice-binding site(s). The recombinant dimer connected by a peptide linker had twice the activity of the monomer. When one of the two ice-binding sites was inactivated by site-directed mutagenesis, the linked dimer was only 1.2 times more effective than the monomer. When the two monomers were linked through a C-terminal disulfide bond in such a way that their two ice-binding sites were opposite each other and unable to engage the same ice surface simultaneously, the dimer was again only 1.2 times as active as the monomer. We conclude from these analyses that the enhanced activity of the dimer stems from the two ice-binding sites being able to engage to ice at the same time, effectively doubling the area of the ice-binding site.
A naturally occurring tandem duplication of the 7-kDa type III antifreeze protein from Antarctic eel pout (Lycodichthys dearborni) is twice as active as the monomer in depressing the freezing point of a solution. We have investigated the basis for this enhanced activity by producing recombinant analogues of the linked dimer that assess the effects of protein size and the number and area of the ice-binding site(s). The recombinant dimer connected by a peptide linker had twice the activity of the monomer. When one of the two ice-binding sites was inactivated by site-directed mutagenesis, the linked dimer was only 1.2 times more effective than the monomer. When the two monomers were linked through a C-terminal disulfide bond in such a way that their two ice-binding sites were opposite each other and unable to engage the same ice surface simultaneously, the dimer was again only 1.2 times as active as the monomer. We conclude from these analyses that the enhanced activity of the dimer stems from the two ice-binding sites being able to engage to ice at the same time, effectively doubling the area of the ice-binding site.
Fish are protected from freezing by antifreeze proteins (AFPs), 1 which bind to the surface of nucleating ice crystals in their body fluids, thereby reducing their freezing point below that of the ocean (1) (2) (3) . AFPs create a local curvature of the ice between adsorbed AFPs, which makes it energetically unfavorable for liquid water to join the ice surface (4) . This process, known as the Kelvin effect, produces a non-equilibrium reduction of the freezing point of ice below the melting point (5) . The difference between the melting and freezing points is the thermal hysteresis gap, and it is within this temperature range that ice growth is prevented and fish are protected from freezing.
Type III AFPs belong to one of several structurally distinct antifreeze protein families found in fishes (6 -8) . These 7-kDa proteins have a compact ␤-stranded structure (9 -13) that shows homology to the C-terminal domain of sialic acid synthase (14) . Structure-function studies have localized the icebinding residues to a flat, amphipathic surface on the protein (11, 15, 16) . This ice-binding face includes several conserved hydrophilic residues (Gln 9 , Asn 14 , Thr 15 , Thr 18 , Gln 44 ) that potentially form hydrogen bonds with water molecules on the ice surface (10, 17) , flanked by hydrophobic residues (Leu 10 , Ile 13 , Leu 19 , Val 20 , Val 41 ) on the periphery. Altogether, these residues are thought to make favorable van der Waals contacts with the ice surface (10, 12, 18 -20) . In addition, there may also be stabilizing entropic effects from bringing this somewhat hydrophobic surface into contact with ice (10, 21) . Type III AFP was first reported to bind to the primary prism plane {10-10} of ice (22) . However, Antson et al. have recently shown it can bind to several planes lying parallel with or at an acute angle to the c-axis of the ice crystal (9) .
Approximately 20 type III isoforms from five species of zoarcid fishes have now been sequenced, with an overall 50% sequence identity. One isoform (designated RD3) from the Antarctic eel pout (Lycodichthys dearborni) has two type III AFPs joined in tandem by a nine-amino acid linker peptide (23) . This duplicated AFP with two similar AFP domains has been referred to in the literature as an intramolecular dimer (24) although there is no suggestion that the tandemly repeated AFPs contact each other. NMR analysis of the 14.7-kDa RD3 isoform indicates that the linker region is fairly flexible and may allow both ice-binding faces to engage the ice surface at the same time (24) . RD3 was reported to have twice the molar activity of the monomeric isoforms RD1 and RD2 (23) and anywhere from 1.5 to six times the activity of the recombinant N-terminal domain alone depending on the concentration tested (24) . Biosynthetic trimers and tetramers of type III AFP show a further modest increase in activity (25) .
Here we have investigated the basis for the increased activity of a recombinant type III AFP dimer modeled on the RD3 isoform. The dimer was made using two identical copies of the Macrozoarces americanus HPLC-12 isoform derivative (Swiss Protein ID P19614). Currently, this is the best characterized type III AFP isoform. Its 1.15-Å x-ray structure has been solved independently by two groups (9), a high precision NMR structure is available (10) , and its ice-binding site has been defined by site-directed mutagenesis (11, 15, 16, 18) . As a result of these findings, the activities of numerous mutants and derivatives have been determined as a function of protein concentration. The intramolecular dimer was made by connecting two monomers in a tandem, head-to-tail arrangement by an RD3-type linker sequence. This construct was termed wlwAFP, for wild type-linker-wild type AFP, and its activity was compared with that of the HPLC-12 monomer.
Fusions of AFPs with non-antifreeze proteins can enhance activity simply through an increase in size (26) . To quantify this effect, one of the ice-binding sites in the dimer was elimi-nated by the triple mutation N14S/T18N/Q44T (16) to produce wlxAFP. Thus, a comparison between wlwAFP and the dimer with one ice-binding site knocked out (wlxAFP) could determine how much of the increased activity of the dimer is because of an increase in the overall size of the protein and how much is because of doubling of the area of the ice-binding surface. Finally, to determine whether enhancement in activity results from increasing the number of ice-binding sites, irrespective of the orientation of these faces relative to a planar ice surface, an intermolecular homodimer (wsswAFP) was created through the formation of a disulfide bond between C-terminal Cys residues of an A65C variant. On the basis of modeling, the icebinding faces of this tail-to-tail dimer are sterically inhibited from simultaneously interacting with the same ice surface.
When the two AFPs were joined in tandem by the 9-amino acid RD3 linker sequence (wlwAFP), their antifreeze activity was twice that of the type III monomer. However, when the two AFPs were joined tail-to-tail by the C-terminal disulfide bond their AFP activity was only 1.2-fold higher than the monomer (wsswAFP). The main difference between these dimers is that the tail-to-head version can potentially engage both ice-binding sites to the same ice surface, whereas in the tail-to-tail dimer the two sites cannot simultaneously dock to a single plane ice. When one of the ice-binding sites of the tail-to-head dimer was inactivated by site-directed mutagenesis (wlxAFP), the net antifreeze activity also decreased to 1.2-fold that of the monomer. Thus, the higher activity of the head-to-tail dimer is attributable in part to its increased size but is mainly because of the flexible linker allowing a doubling of the protein surface in contact with ice.
EXPERIMENTAL PROCEDURES
Construction of Head-to-Tail Dimers wlwAFP and wlxAFP-Clone pT7-7f rQAE contains the synthetic gene for the N-terminally modified HPLC-12 isoform of type III AFP (27) . Its modification is the replacement of the signal sequence with an N-terminal methionine residue for expression in Escherichia coli. To construct wlwAFP (Fig. 1) , pT7-7f rQAE was digested with BglII and BstEII to release the insert from upstream of the T 7 promoter (BglII site) to the 3Ј-end of the antifreeze gene (BstEII site). The BglII/BstEII fragment was used to encode the N-terminal domain of the recombinant dimer. Clone pT7-7f m1.1, which encodes a C-terminal modification of rQAE (rQAEm1.1) where the YPPA C-terminal sequence is replaced by YAA (27) , was digested with BglII and NdeI to remove the upstream promoter region.
The linker sequence was constructed from complementary oligonucleotides and had compatible BstEII and NdeI sites at its 5Ј-and 3Ј-ends, respectively (Fig. 1) . Approximately 50 ng each of the BglII/ BstEI gene insert and the NdeI/BglII gene ϩ vector sequence and 75 pmol of annealed linker were ligated overnight using T 4 DNA ligase (Invitrogen). The ligated products were transformed into E. coli JM-83, and positive clones were selected based on the appearance of a 500-bp NdeI/PstI digestion fragment, indicating a successful triple ligation. Positive clones encoding wlwAFP were verified by DNA sequencing (Cortec, Kingston, Ontario, Canada).
To make wlxAFP, the same procedure was followed using an inactive triple mutant (N14S/T18N/Q44T) of the rQAEm1.1 gene (16) to supply the NdeI/BglII gene ϩ vector fragment.
Expression and Purification of Recombinant Dimers-Recombinant intramolecular dimers were expressed and purified following protocols used for the monomers (16) with a few minor changes. To limit proteolysis within the flexible linker region, the protein was refolded for 2 h in an ice bath with the inclusion of 0.1 mM phenylmethylsulfonyl fluoride and 1.0 mM EDTA to both the refolding and dialysis buffers. The protein was purified using S-Sepharose FPLC with an increasing NaCl concentration gradient in 50 mM sodium acetate (pH 3.7). The FPLCpure protein was dialyzed with 10 mM NH 4 HCO 3 and subsequently lyophilized. The purified protein was resuspended in H 2 O, and concentrations were verified by amino acid analysis (Alberta Peptide Institute, University of Alberta, Edmonton, Canada). Samples were prepared for thermal hysteresis measurements in 100 mM NH 4 HCO 3 .
Generation of the wsswAFP Intermolecular Dimer-The A65C mutant of rQAEm1.1 was constructed by primer-directed mutagenesis (28) using the sequence 5Ј-TAAAGGTTACGCTTGTTAAGAATTCGGAT-3Ј as described previously (27) . The protein was expressed and purified from E. coli inclusion bodies following standard protocols except for the addition of 10 mM ␤-mercaptoethanol to the 50 mM sodium acetate (pH 3.7) used as the refolding, dialysis and FPLC buffers. This allowed the protein to remain monomeric and prevented irreversible aggregation of the protein with the cell lysate. The FPLC-purified A65C was dialyzed into 5 mM NH 4 HCO 3 at 4°C and lyophilized. Approximately 5 mg of AFP was resuspended into 0.5 ml oxidization buffer (10 mM Tris-HCl, 1 mM EDTA, 0.1 M NaCl (pH 8.0)) in a 1-ml Eppendorf tube and incubated at 4°C for 48 h. No other cysteine residues are present in the AFP; therefore alternate inter-or intramolecular disulfides cannot be formed. After 2 days in the oxidizing buffer, disulfide-linked A65C (wsswAFP) was separated from monomer by C 18 semi-preparative HPLC (Vydac, Inc.). Samples were loaded at a flow rate of 3.0 ml/min onto the column pre-equilibrated in 35% acetonitrile:isopropanol (2:1) containing 0.05% trifluoroacetic acid and eluted by a linear acetonitrile: isopropanol (2:1) gradient of 1%/min. The peak containing wsswAFP was identified by 10% SDS-PAGE run in the absence of reducing agents, with standard type III monomer and broad range molecular weight marker (New England Biolabs, Inc.) as standards. Protein samples (ϳ1-5 g) were reacted with 5 l of 2.5 M iodoacetate (pH 8.0) to alkylate free cysteinyl residues. Samples were mixed with 5 l sample loading dye without ␤-mercaptoethanol to retain the integrity of the disulfide bonds. Protein was visualized by staining with Coomassie Brilliant Blue. The HPLC-purified dimer was lyophilized and resuspended in 100 mM sodium phosphate (pH 3.7). The exact concentration of purified dimer was determined by amino acid analysis (Alberta Peptide Institute).
Reduction of Intermolecular Dimer-Reduction of the disulfidelinked dimer by dithiothreitol (DTT) was done in situ to accurately Enhancing Antifreeze Protein Activityassess the antifreeze activity of the disulfide-linked dimer compared with reduced monomer from the same stock sample. Stock wsswAFP solutions were adjusted to 200 mM NH 4 HCO 3 with (reduced) or without (oxidized) 50 mM DTT. Reduction was achieved at 4°C overnight. The oxidized and reduced wsswAFP samples were assayed for thermal hysteresis activity, and their integrity was monitored by SDS-PAGE.
Thermal Hysteresis Assays and Ice Morphology DeterminationThermal hysteresis is defined as the temperature difference (°C) between the melting point and non-equilibrium freezing point of an AFP solution. Mutant and wild type AFPs were assayed for thermal hysteresis activity as described previously (29) . Ice crystals were observed using a Leitz 22 microscope, and ice gap growth of more than 0.2 m/s signifies that the solution freezing point has been reached or exceeded.
Molecular Modeling of wlwAFP and wsswAFP-The initial wlwAFP model was constructed by submitting the entire sequence to Swiss-MODEL (30) using the RD3 NMR structure (24) (Protein Data Bank code 1C8A) as a template. Compared with RD3, wlwAFP has an additional amino acid (Ala) at the C-terminal end of the dimer linker and four residues (MNQA) at the N terminus of the second AFP of the dimer. (Fig. 1) . This segment generated an unrealistic loop in the Swiss-MODEL structure. However, PredictProtein (Department of Biochemistry and Biophysics, Columbia University) predicted a small ␣-helix within this region. Therefore, the Swiss-MODEL structure was manually refined using SYBYL (version 6.5, Tripos Associates, St. Louis, MO) to include this potential helical structure. The structure was then minimized (Ͻ0.05 kcal/mol gradient terminated) using a Tripos force field, Gasteiger/Marsilli charges, and distant dependent dielectric. Side chain conformations were verified using PROCHECK (30) (Fig. 2A) .
The wsswAFP model was constructed using the molecular modeling software SYBYL, by replacing Ala 65 to Cys in two type III AFP models (Protein Data Bank code 1MSI) and then creating a disulfide bond between them using the Biopolymer module. Rotational freedom about the disulfide bond of the new dimer was explored by using a short SYBYL Programming Language (SPL) script, which systematically performed every torsion angle combination at 10°increments about the central disulfide bond and the two adjacent sulfur-carbon bonds. Each combination was minimized briefly (250 iterations, Tripos force field, Gasteiger/Marsilli charges, distant dielectric constant), and final energy values were recorded. The ice-binding faces of the 120 most energetically favorable conformations were superimposed to indicate the possible orientations of the two ice-binding faces with respect to one another (Fig. 2C) .
RESULTS

wlwAFP Is Twice as Active as Monomeric Type III AFP-
The recombinant dimers that were overexpressed in E. coli predominantly partitioned to the insoluble cell pellet (not shown). The refolded dimer proteins from this fraction eluted from ionexchange FPLC as sharp peaks at the same NaCl concentration as the monomer (27) . This is consistent with the pI values for wlwAFP/wlxAFP and the AFP monomer being so similar (6.1 and 6.0, respectively). SDS-PAGE showed that the purified dimers had the expected 14-kDa mass (not shown).
Thermal hysteresis activity for wlwAFP was 0.53°C at 0.07 mM compared with 0.26°C for the monomer (Fig. 3) . Across the concentration range of 0 to 0.20 mM, the wlwAFP dimer gave a (24) . The side chains of the ice-binding face are shown and are delineated by black outlines. The figure was generated by Swiss-PdbViewer (version 3.6) and rendered using POV-Ray for Windows (version 3.1). C, WsswAFP model structure generated by SYBYL. The most favorable conformation is shown as a blue ribbon, and the solid lines indicate the ice-binding faces. The overlap of ice-binding face residues Gln 9 to Val 20 of the remaining energetically favorable 120 conformations is shown in green.
FIG. 3.
Thermal hysteresis activity curves of wlwAFP and wlx-AFP. Thermal hysteresis activity curves of wlwAFP (triangles), wlx-AFP (squares), and rQAEm1.1 (circles). Standard deviations of wlwAFP and wlxAFP are shown as vertical bars. Each point on the activity curve was assayed in triplicate. The fully active wlwAFP curve represents the best fit from three independent trials, and the wlxAFP curve is based on two independent trials.
Enhancing Antifreeze Protein Activity
2-fold enhancement in activity compared with the monomer. This augmentation is in close agreement with the original findings of Wang et al. (23) , where the native RD3 isoform at 0.7 mM increased activity by ϳ1.8-fold on a molar basis compared with the RD1 and RD2 monomer isoforms. This level of enhancement was also reported by Miura et al. (24) for recombinant RD3 at a concentration of 0.5 mM when compared with the novel RD3-N1 monomer.
In the wlxAFP dimer, the ice-binding site in the C-terminal domain has been eliminated by the triple mutation N14S/T18N/ Q44T. This loss of one of the two ice-binding sites consistently reduced the activity of the dimer by ϳ40% compared with wlwAFP across the concentration range studied (0 to 0.20 mM) (Fig.  3) . However, the wlxAFP dimer levels of activity were still higher than the monomer. The small but constant 20% increase in activity of wlxAFP compared with monomer is consistent with data previously reported by DeLuca et al. (26) , where increasing the size of type III AFP by fusion to other proteins increased its AFP activity (Fig. 4) . Fusion proteins of 50 kDa (type III AFP with a maltose-binding protein fusion), and 20 kDa (type III AFP with a thioredoxin fusion) generated thermal hysteresis activity values of 0.60 and 0.36°C, respectively, at 0.07 mM. The wlxAFP, at 14 kDa, follows this trend with a thermal hysteresis value of 0.31°C at 0.07 mM. The activity curve of this protein falls between the type III monomer and 20-kDa thioredoxin-AFP fusion protein across the concentration range tested (0 to 0.25 mM).
Tail-to-Tail Disulfide-linked Dimer-During separation of the disulfide-bonded dimer of A65C (wsswAFP) from the monomer on C 18 semi-preparative reversed-phase HPLC, two sharp peaks of approximately equal area eluted with retention times of 35 and 40 min (Fig. 5) . The proteins in the first and second peaks were identified using nonreducing SDS-PAGE as the monomer and dimer, respectively. There was no cross-contamination of the peaks nor any change in disulfide bonding after peak separation. The order of elution by HPLC was as expected, with the larger dimer protein binding more tightly to the C 18 column. Based on the area of the HPLC peaks, ϳ50% of the starting material (2.5 mg) formed a dimer.
A portion of the purified wsswAFP was reduced by the addition of DTT. The complete reduction of the newly formed disulfide bond was possible when an alkaline pH was maintained with NH 4 HCO 3 (data not shown). This allowed parallel analyses of the same sample in both the monomer and dimer states with absolute confidence in the relative protein concentrations (Fig. 6 ). After reduction, the molar concentration of the reduced A65C monomer was exactly twice that of the starting wsswAFP. Thermal hysteresis activity measurements showed that the oxidized wsswAFP dimer had 20% more activity than the reduced A65C monomer at protein concentrations of 0.02, 0.07, and 0.2 mM (Fig. 7) . This activity augmentation is much less than that seen with the wlwAFP head-to-tail dimer but is similar to the activity enhancement seen for the wlxAFP dimer with one inactive ice-binding surface.
The Conformation of the wsswAFP Dimer-In the absence of a structure for the wsswAFP, the relative orientation of the two ice-binding sites was established by modeling. Both AFP domains were systematically rotated by 10°increments around the disulfide bond and adjoining carbon-sulfur bonds followed by energy minimization at each interval. This allowed for a large sampling of the total possible conformers that could be adopted by the two AFP domains about the disulfide bond. The central Ala 16 residues of each ice-binding face are placed nearly 40 Å apart in the most energetically favorable dimer structure (shown in blue in Fig. 2C ). The superimposed trace of the 120 most energetically favorable conformations reveals that both ice-binding faces will occupy opposite surfaces of the dimer and are incapable of simultaneously engaging the same ice surface.
DISCUSSION
Activity of wlwAFP Is Analogous to That of RD3-
The recombinant dimer wlwAFP shows an approximately 2-fold increase in antifreeze activity as compared with the monomer. This activity increase is equivalent to the value for the natural dimer reported by Wang et al. (23) and is within the range of values determined by Miura et al. (24) for recombinantly produced RD3. By confirming this enhancement using a de novo designed dimer made from identical monomers that are structurally and functionally well characterized, we show that this property is not a peculiarity of RD3. It can be reconstituted Enhancing Antifreeze Protein Activityusing AFPs that differ slightly in sequence from the AFPs present in the RD3 dimer. The doubling of antifreeze activity for a protein of the same molarity has potential applications in biotechnology (31, 32) and is of mechanistic interest. We have considered and investigated several explanations for this phenomenon. Specifically we have examined the effects of the size number of ice-binding sites and the total area of ice-binding site in contact with ice.
Activity Enhancement of wlxAFP Is Based on Size-As predicted by previous observations (26) , there was a small gain in activity for the recombinant dimer containing an inactive domain (wlxAFP). Inactivation of the second domain was based on the type III rQAEm1.1 variant, N14S/T18N/Q44T, which was shown previously to be completely inactive from 0 to 0.7 mM (16) . Therefore, the 20% gain in activity could not be attributed to antifreeze activity in the C-terminal domain. This activity increase does, however, fit well with the data showing enhanced activity based on size increases using N-terminal fusion proteins (26) . The fact that the inactive partner in the wlxAFP fusion is on the C-terminal side does not seem to affect the result. The wlxAFP activity curve fits between the activity curves of the monomer (7 kDa) and thioredoxin fusion (20 kDa). Indeed, there is such a good correlation between fusion protein mass and activity that it is possible to confirm the mass of wlxAFP by interpolation of the data from the activity curves of the monomer and the 20-and 50-kDa fusion proteins. Overall, it is clear that only a small component (ϳ20%) of the dimer activity is due to the increased size of the AFP.
Two Ice-binding Sites Are Not Necessarily Better than One-We considered the possibility that the enhanced activity of the type III AFP dimers might be due in part to two icebinding sites increasing the probability of binding to ice. The A65C intermolecular dimer was constructed to place the two ice-binding sites at opposite ends of the protein. The cysteine residue is at the C terminus of the monomer, and an intermolecular disulfide bond should form a dimer that is constrained from having both AFP domains simultaneously engage the ice surface. Molecular modeling confirmed that none of the energetically favorable structures would allow simultaneous engagement of both sites to a flat ice surface. The 20% increase in activity of the A65C dimer is comparable with that obtained with wlxAFP and can be accounted for by the increase in size of the AFP. The A65C dimer essentially serves as a fusion protein, and there is no advantage to the extra ice-binding site if it cannot be bound simultaneously to ice. It is important to note that reduction of the disulfide bond allowed for a built-in internal control between the monomer and dimer concentrations. This is especially important at low AFP concentrations where small changes in concentration have a large effect on antifreeze activity, and accurate concentrations are essential for a meaningful comparison between AFP molecules with similar activity.
Ice-binding Site Area Is the Key to Increased Antifreeze Activity-The wlwAFP dimer has the same mass and number of ice-binding sites as the A65C dimer, wsswAFP, but is considerably more active. The critical difference is the head-to-tail arrangement of the two domains and their flexible linker, which permits the two AFPs to bind the ice surface simultaneously. On the basis of the solution structure of RD3, Miura et al. (24) determined that only a small fraction of the total RD3 conformers would be oriented to engage both ice-binding sites simultaneously to the {1 0-1 0} primary prism plane ice surface. This is based on the observation that only one of the NMR solution structures is correctly aligned to accomplish this. However, Antson et al. (9) have recently reported that type III AFP can bind to a set of similar crystallographic planes. This includes secondary prism planes ({2-1-1 0}) and primary pyramidal planes ({2 0 -2 1}) in addition to the primary prism plane. Therefore, a larger array of potential ice-binding sites exists for RD3 than previously identified, and this will increase the number of active AFP conformations in solution. The second icebinding face will not be required to bind to the exact same ice plane as the first, allowing for greater flexibility in ice-binding site selection. Verification of the modeled wlwAFP structure using PROCHECK revealed that both ice-binding faces of the derived structure have the potential to engage a flat ice surface simultaneously while satisfying all geometric constraints.
AFP Activity as a Function of Ice-binding Site Area-There is increasing evidence now that antifreeze activity can be enhanced by increasing the length/area of the ice-binding site. The type I AFP9 isoform from winter flounder serum at 52 amino acids in length (4.3 kDa) has an extra 11-amino acid repeat compared with the common serum isoforms HPLC-6 and -8 and therefore has a larger ice-binding face (33) . It demonstrates higher antifreeze activity, almost twice that of the more commonly studied 37-amino acid HPLC-6 isoform (3.3 kDa) (34) . The same trend is also observed with antifreeze Enhancing Antifreeze Protein Activityglycoproteins from Antarctic cod (35) . These glycoproteins comprise Ala-Ala-Thr repeating units with an O-linked disaccharide on the Thr residue. On a weight basis, AFGP-5, with a molecular weight of 10,500, has approximately twice the activity of AFGP-7 and -8, both of which have an approximate molecular weight of 3000. Another example of increasing antifreeze activity with increasing ice-binding site area is the spruce budworm AFP. A 12-kDa isoform (501) with two additional coils of ␤-helix is more than twice as active as the shorter 9-kDa isoform (36) . As the disulfide-bonded A65C dimer has demonstrated, there is little activity gained from simple dimerization of the AFP domains. Maximal increase in activity requires the ability to increase contact with the ice surface. Because type I AFPs, AFGPs, and spruce budworm AFP are highly repetitive linear proteins, simply lengthening the protein will increase the size of the ice-binding face contacting the ice surface. However, because the type III AFPs are globular proteins with a well defined ice-binding face, the surface area cannot be increased simply by increasing the size of the monomer. Dimerization via the flexible linker is an efficient way to accomplish this task.
As mentioned previously, antifreeze proteins are thought to bind to the ice surface, forcing the ice to grow into a convex surface between bound AFPs. The enhancement seen with fusion proteins is thought to be due to the larger protein reducing the radius between bound molecules, which in turn makes it more difficult for water to join the ice lattice (26) . By the same token, AFPs with larger ice-binding sites (i.e. a larger "footprint" on the ice) will decrease the area between bound proteins, thereby reducing the radius of the curved ice fronts. Recombinant dimers based on the type III RD3 isoform have shown that activity enhancement arises primarily from an increase in the size of the ice-binding surface in contact with ice, with just a small component attributed to the increase in the size of the protein.
